ABSTRACT Potato psyllid, Bactericera cockerelli (Š ulc) (Hemiptera: Triozidae), is an economic pest of solanaceous crops in North and Central America, and in New Zealand. Four genetic haplotypes of the psyllid have been identified in North America. Three of these haplotypes (Central, Western, and Northwestern) are common on potato crops within the major potato-growing regions of Idaho, Oregon, and Washington. Within this growing region, a weedy perennial nightshade, Solanum dulcamara (bittersweet nightshade), has been identified to be an important overwintering host and spring or summer source of psyllids colonizing potato fields. It is unclear whether bittersweet nightshade is a highly suitable host plant for all three haplotypes known to occur in the Pacific Northwest. The objective of the present study was to examine developmental traits and adult body size of all three haplotypes of psyllids reared on potato and bittersweet nightshade. Averaged over haplotype, development times were longer for psyllids reared on nightshade than potato. Duration of the preoviposition period, egg incubation requirements, nymphal development time, and total developmental time averaged 7.4, 5.9, 23.5, and 29.5 d on nightshade and 4.9, 5.5, 22.3, and 27.9 d on potato, respectively. The largest host effects were found for the Central haplotype, which exhibited a substantially extended (by over 5 d) preoviposition period on nightshade compared with potato. Averaged over host plant, nymphal and total development times of the Northwestern haplotype were longer (25.5 and 31
Potato psyllid, Bactericera cockerelli (Š ulc) (Hemiptera: Triozidae), is an economically important phloemfeeding insect that damages solanaceous crops, including potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.), pepper (Capsicum annuum L.), eggplant (Solanum melongena L.), and tobacco (Nicotiana tabacum L.) (Knowlton and Thomas 1934 , Pletsch 1947 , Wallis 1955 , Munyaneza 2010 Munyaneza et al. 2013) . The psyllid causes damage to solanaceous species by its direct feeding (Pletsch 1947 , Wallis 1955 and by its transmitting of the bacterium "Candidatus Liberibacter solanacearum," the putative causal agent of zebra chip disease of potato (Munyaneza et al. 2007 , Munyaneza 2012 . Zebra chip has caused millions of dollars in losses to the potato industry in the United States, Mexico, Central America, and New Zealand (Munyaneza et al. 2007 , Munyaneza 2012 . Based on an analysis of the mitochondrial COI gene, four distinct genetic populations (or haplotypes) of the psyllid have been identified in North America (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. ,b,c, 2014a . The haplotypes are referred to as Central, Western, Northwestern, and Southwestern, depending on their perceived centers of geographic distribution. All four haplotypes have been reported on potatoes in the Pacific Northwest, but the Southwestern haplotype is less common in the region than the other three haplotypes (Swisher et al. 2014b ). Potato psyllid is also common on bittersweet nightshade (Solanum dulcamara), a perennial weed that was recently recognized to be an important overwintering source of this insect in the Pacific Northwest (Jensen et al. 2012 , Murphy et al. 2013 . To date, only the Northwestern and Western haplotypes have been identified on bittersweet nightshade in the region (Swisher et al. 2013c) .
Presence of different haplotypes of potato psyllid in the Pacific Northwest may complicate management of the psyllid if there are differences in biological traits among haplotypes. Variation among haplotypes in biological traits may determine the respective contributions of the different haplotypes to zebra chip epidemiology in commercial potato fields, complicating the development of effective management strategies for the disease and its insect vector. The objectives of this study were: 1) to compare bittersweet nightshade and potato as developmental hosts for the three psyllid haplotypes commonly found in Pacific Northwest potato crops, and 2) to assess effects of rearing host on body size of adults of all three psyllid haplotypes.
Materials and Methods
Sources of Plants. Effects of host plant (potato and bittersweet nightshade) on developmental traits (preoviposition interval, egg incubation time, nymphal development time, and total [egg to adult] development time) of B. cockerelli were compared under laboratory conditions. Bittersweet nightshade was grown from insect-free plant cuttings collected locally near Wapato, WA. Potato (var. Russet Burbank) was grown from seed tubers (Skone and Connors Produce Inc., Warden, WA). The plants were grown in 0.5-liter pots (Kord Products, Toronto, Ontario, Canada) filled with a soil medium consisting of 86% sand, 13.4% peat moss, 0.5% Apex time release fertilizer (J. R. Simplot Co., Lathrop, CA), and 0.1% Micromax micronutrients (Scotts Co., Marysville, OH) in a greenhouse at USDA-ARS, Wapato, WA. Prior to conducting assays, the plants were tested for 'Ca. L. solanacearum' by PCR (Munyaneza et al. 2010 ) to ensure they were free of the bacterium.
Sources of Insects. Potato psyllid colonies were established at the USDA-ARS facility in Wapato, WA, with insects collected from Weslaco, Texas (Central haplotype), southern California (Western haplotype), and Prosser, Washington (Northwestern haplotype). The colonies were maintained on either bittersweet nightshade or potato under laboratory conditions of 25 6 1 C, 40 6 5% relative humidity (RH), with a photoperiod of 16:8 (L: D) h. Haplotype status of each colony was confirmed at intervals by examination of mitochondrial DNA (mtDNA) sequences, using high resolution melting analysis methods (Swisher et al. 2012 , Swisher et al. 2014a . To confirm that the colonies were free of the Liberibacter pathogen, samples of psyllids from each colony were tested by conventional PCR (Munyaneza et al. 2010) prior to beginning an assay.
Description of Insect Rearing Cages Used in Assays. Developmental traits of psyllids from each of the three haplotypes were assessed by rearing individual insects in small transparent insect rearing cages as described by Mustafa et al. (2013) . The cages were constructed using two 5-oz clear polystyrene 40 dram capped plastic vials (Thornton Plastics, Salt Lake City, UT), joined together by gluing the tops of the two lids to one another such that the two plastic vials were assembled top to top (Fig. 1) . The top and two sides of each upper vial were covered with mesh to allow ventilation (Fig. 1) . A 10-mm-diameter hole was drilled through the center of the two joined lids. Clippings from pathogen-free bittersweet nightshade or potato were added to each cage, with cut stem ends inserted through the small hole and into the water-filled reservoir (Fig. 1) . Each clipping included two or three leaves. The clippings were held in place with a piece of cotton swab placed in the hole joining upper and lower vials.
Preoviposition and Incubation Period and Nymphal Development. The preoviposition period, incubation period, total nymphal developmental time, and total development time (egg incubation þ nymphal development) were examined for psyllids of each haplotype on either bittersweet nightshade or potato. Psyllid developmental parameters were measured and monitored in the transparent insect rearing cages described above (Fig. 1) under conditions of 25 6 1 C, 40 6 5% RH, and a photoperiod of 16:8 (L: D) h.
To obtain virgin adults for the assays, fifth-instar nymphs of each haplotype were removed from the nightshade or potato-reared psyllid colonies. Nymphs were placed individually on clippings of the same host species from which they had been obtained, and held individually in the standard rearing cages ( Fig. 1 ) until adult emergence. Newly emerged adults were sexed, and male and female pairs of new adults were transferred to new cages containing a new clipping of the rearing host species until first appearance of eggs. Each pair was then allowed to lay eggs for an additional 24 h following first appearance of eggs, after which the parental insects were collected and destroyed. The total time from the date of adult emergence to the date of the first egg laying was recorded to estimate the preoviposition period. The incubation period was determined as the time from the onset of egglaying to initial egg hatch. Newly hatched first-instar nymphs were then carefully transferred individually into rearing cages ( Fig. 1 ) and monitored until eclosion. Total nymphal developmental time (hatch to adult eclosion) was recorded. A total of 40 indivdual nymphs, collected from 20 females, was monitored for each haplotype on each host plant.
Body Size Measurements. All newly emerged psyllid adults were collected on the first day of their emergence, sexed, and preserved at À80 C, pending body measurements to estimate their size. A total of eight measurements was obtained from each individual ( Fig. 2) : distance between eyes (vertex), width of mesopraescutum and mesoscutum, wing length (two measures), maximum width of wing, length of tibia of a hind leg, and length of antenna. To obtain these meaurements, the adult psyllid was placed in a Petri dish filled with alcohol and a layer of fine sand on the dish bottom to position the insect for measurement of the vertex, mesopraescutum, and mesoscutum. Once those three measurements had been made, the right antenna, right forewing, and right hind leg were carefully removed using Dumont # 5 11-cm tweezer (World Precision Instruments, Sarasota, FL) and placed in two to three drops of alcohol on a microscope slide. The structures were oriented, covered with a cover slip to flatten them, and measured. All measurements were made with a Leica MZ6 dissecting scope (Leica Microsystems Inc., Buffalo Grove, IL) equipped with an ocular micrometer at 37.5Â.
Data Analysis. Effects of haplotype and host species on developmental traits, preoviposition period, incubation period, total nymphal developmental time, and total life cycle, were analyzed using a 3 Â 2 factorial analysis of variance (ANOVA). The analyses were done using the MIXED procedure in SAS (SAS Institute 2012) . If the haplotype Â host effect was significant, host effects were examined separately for each haplotype using the SLICE command. If the haplotype effect in the ANOVA was significant, haplotype means were compared using Tukey tests. Principal components analysis (PCA) was used to examine whether the eight body measurements separated specimens by haplotype and rearing host. The analyses were done in PROC PRINCOMP (SAS Institute 2012). Statistical separation of haplotypes or host was done using a 3 Â 2 (haplotype Â host) factorial analysis of variance conducted on the scores from the first and second principal components. The analyses were done using PROC MIXED (SAS Institute 2012).
Results
Development Time. Summary statistics are presented as haplotype Â host plant means as well as host and haplotype main effect means ( Fig. 3-4) . The host Â haplotype interaction was significant for duration of the preoviposition period ( Fig. 3A: F 2, 234 ¼ 8.25, P ¼ 0.0003), suggesting that magnitude or direction of host effects depended upon haplotype. Only the Central haplotype showed significant host effects (Fig. 3A) ; the preoviposition period was significantly longer (by over 5 d) for psyllids reared on nightshade than potato. Averaged over host plant, the preoviposition period was affected by haplotype ( Fig. 3C ; F 2, 234 ¼ 24.05, P < 0.0001). The period was longest in the Central haplotype (Fig. 3C) , due to the extended length of time for psyllids reared on nightshade (Fig. 3A) . Duration of the egg incubation period was affected by host plant (Fig. 3E: F 1 Fig. 2 . Measurements used for examining the effects of bittersweet nightshade and potato on size of male and female psyllids. Measurements include distance between eyes (vertex), width of mesopraescutum, mesoscutum, three wing measures (two length, one width), length of tibia of hind leg, antennal length. P ¼ 0.0026), but not by the host Â haplotype interaction (Fig. 3D: F 2, 234 ¼ 0.95, P ¼ 0.39). Incubation times were longest for the Western haplotype, whereas the Northwestern and Central haplotype showed similar trend in incubation duration. Averaged over haplotype, incubation times were slightly longer for eggs reared on nightshade (5.9 d) than potato (5.6 d; Fig. 3E ).
Total nymphal development times were affected by host plant, with development times slightly slower on nightshade than potato ( Fig. 4B; F 1, 234 ¼ 4.47, P ¼ 0.03); a similar trend was noted for overall development times ( Fig. 4E; F 1, 234 ¼ 6.86, P ¼ 0.009). Haplotype effects were also significant for both traits ( Fig. 4C and F ; nymphal development times: F 2 , Fig. 3 . Mean (6SEM) preoviposition (A-C) and egg incubation times (D-F) for three haplotypes of potato psyllid reared on two host plant species. Panels show the host Â haplotype means (A, D) and the main effect means for host species (B, E) and haplotype (C, F). Asterisks depict significant host plant effects. Capital letters above bars (C, F) show haplotypic differences in mean fecundity (by Tukey's test). Panels B and E: P, potato; NS, bittersweet nightshade; panels C and F: NW, Northwestern haplotype; W, Western haplotype; C, Central haplotype. Fig. 4 . Mean (6SEM) nymphal development (A-C) and total development times (D-F) for three haplotypes of potato psyllid reared on two host plant species; total development time is the sum of the egg incubation period (Fig. 3D-F) and nymphal development times. Panels show the host Â haplotype means (A, D) and the main effect means for host species (B, E) and haplotype (C, F). Asterisks depict significant host plant effects. Capital letters above bars (C, F) show haplotypic differences in mean fecundity (by Tukey's test). Panels B and E: P, potato; NS, bittersweet nightshade; panels C and F: NW, Northwestern haplotype; W, Western haplotype; C, Central haplotype. 234 ¼ 23.26, P < 0.0001; total development times: F 2, 234 ¼ 19.51, P < 0.0001). The Northwestern haplotype required longer time to develop (averaged over host plant) than either the Western or Central haplotypes ( Fig. 4C and F) . The haplotype Â host interaction was not signficant for either measure (P > 0.5 for both traits).
Body Measurements. Two principal components were extracted explaining 62% (axis 1) and 14% (axis 2) of the variation in male measurements, and 64% (axis 1) and 12% (axis 2) of the variation in female measurements (Fig. 5) . For both sexes, all variables showed positive loadings along the first principal component (Table 1 ), suggesting that this component reflects variation in overall body size. The second component for both sexes appeared to reflect a contrast between breadth of the body (mesopraescutum, mesoscutum) and length of the antenna and tibia (Table 1) . Large, positive values along axis 2 reflect scores of specimens having a relatively wide body but short antennae and tibia (Fig. 5) . The scatter plot of component scores showed that psyllids clustered by haplotype, albeit with overlap among clusters ( Fig. 5 ; host plants pooled for clarity). Mean haplotype Â host plant scores are shown as circles (nightshade host) or inverted triangles (potato host) horizontally along the top axis (PC1 means) or vertically along the right axis (PC2 means) of the scatter plots (Fig. 5) .
Analysis of variance showed that mean component scores for both male and female psyllids varied with haplotype along the first axis (Table 2: Single df contrasts were extracted from the haplotype main effects to compare haplotype mean PC1 scores (Table 2) . These contrasts for both sexes showed that overall body size (¼ PC1) was largest in psyllids of the Northwestern haplotype (red symbols in Fig. 5 ), intermediate in psyllids of the Western haplotype (green symbols in Fig. 5) , and smallest for psyllids of the Central haplotype (gray symbols in Fig. 5 ). Due to a significant host Â haplotype interaction for females, haplotype comparisons were also made for each host plant separately (Table 2 : Simple effects contrasts). These results indicated that body size of Central and Western psyllids on potato were not statistically different (Table 2 ; Fig. 5 ). Mean PC2 scores also varied significantly with haplotype for both sexes (Table 2 ; mean scores shown for each haplotype on the vertical axis at right of both graphs in Fig. 5) . Examination of mean scores in Figure 5 indicate that psyllids of the Northwestern haplotype were narrow and with long antennae or tibiae, while psyllids of the Western haplotype were broad and with relatively short antennae or tibiae.
The effects of host plant on body size were less clear than haplotype effects. Host plant affected PC2 scores for both male and female psyllids (Table 2) . For female psyllids, the host effect depended upon haplotype for both PC1 and PC2 scores (Table 2: significant host Â haplotype interaction). Statistical significance of simple effects contrasts for PC1 scores (¼ overall body size) is shown in Table 2 , and indicated that host effects were significant for females of the Western (larger on nightshade; see Fig. 5 ) and Central (larger on potato; see Fig. 5 ) haplotypes, but not for females of the Northwestern haplotype. The patterns in mean PC2 scores for the Western and Northwestern females suggested that nightshade was associated with increases in body width and decreases in antennal or tibial b Simple effects contrasts (haplotype differences at each host separately; host differences for each haplotype separately) are shown for females due to significant haplotype Â host interaction. lengths ( Fig. 5 ; Table 2 ). For male psyllids, an examination of mean PC2 scores (along vertical axis of Fig. 5 ) indicated that psyllids that were reared on nightshade (circles) had higher mean scores than psyllids that had been reared on potatoes (triangles), suggesting that nightshade had a positive effect on body width and a negative effect on tibial or antennal lengths.
Discussion
More than 50% of U.S. potatoes are produced in the Pacific Northwest, where zebra chip was first observed in 2011 (Crosslin et al. 2012a,b) . Currently, the only means to effectively manage zebra chip is by targeting the potato psyllid, its insect vector, primarily with insecticide applications (Munyaneza 2012) . All four haplotypes of potato psyllid have been documented in the Pacific Northwest (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. ,b,c, 2014a , and it has been determined that the insect survives winter in the region on bittersweet nightshade (Jensen et al. 2012 , Murphy et al. 2013 . Little is known on the comparative biology of the different psyllid haplotypes, which could hamper development of effective management strategies for this insect pest in this important potato-growing region of the United States. For example, variation in developmental traits among haplotypes could affect how rapidly psyllid populations of a given haplotype develop in the field and contribute to spread of zebra chip.
Effects of host plant on developmental traits of psyllids from the three haplotypes most common in the potato-growing region of the Pacific Northwest (Swisher et al. 2014b ) were examined during this study. Results showed that host plant affected the preoviposition period, egg incubation times, and nymphal development times. For all traits, development was slower on bittersweet nightshade than potato. The largest host effect was for the preoviposition period of the Central haplotype reared on nightshade (Fig. 3A) . Central haplotype psyllids on nightshade had substantially lengthened preoviposition periods, in some pairs reaching over 30 d. These results may indicate that bittersweet nightshade is not as suitable for egglaying as potato for the Central haplotype. Egg incubation times and nymphal development times were slightly longer for psyllids reared on nightshade than potato for all three haplotypes. The egg incubation times of 5.7-6.0 d (depending upon haplotype) fell within the range (3-15 d) shown in previous studies on a variety of solanaceous hosts and at several temperatures (Compere 1916 , Knowlton and Janes 1931 , Davis 1937 , Abdullah 2008 , Yang and Liu 2009 , Yang et al. 2010 . Potato psyllid host species in the families Solanaceae and Convolvulaceae have also been shown to affect nymphal or total development times of this insect in other studies (Liu and Trumble 2007 , Yang and Liu 2009 , Puketapu and Roskruge 2011 . The results of the present study contribute to previous reports on host plant effect on potato psyllid development. The cause of the reduced development on nightshade is not yet known. Diets having high concentrations of certain plant allelochemicals, including allelochemicals known to occur in the Solanaceae, influence the rate of development (Ruan and Wu 2001, Bü yü kgü zel et al. 2013) , and it is possible that unknown differences between potato and bittersweet nightshade in quantities of these compounds could explain the effects.
Variation in body size measurements among haplotypes confirmed results of a similar analysis published elsewhere (Horton et al. 2014) . That study explored the effects of photoperiod on body size of female potato psyllids of all three haplotypes, and found that psyllids of the Northwestern haplotype were larger in overall body size than psyllids of either the Central or Western haplotypes, but were narrower than psyllids of those two haplotypes (as found also in this study; Fig. 5 ). We had hoped that haplotypes would differ sufficiently in size or shape to allow identification of haplotypes by examination of these external traits, rather than having to rely on molecular methods for identification. While mean component scores did differ statistically among haplotypes (Table 2) , there was enough overlap among haplotypes in scores (Fig. 5) that it would be difficult to use these specific traits to identify individual specimens. In the earlier study by Horton et al. (2014) , psyllids were reared only on potato, and it was unclear whether haplotype differences in body size would be maintained on other host plants. The present study indicated that rearing host affected body measurements of psyllids, but that the host effects were less evident and less consistent than the variation in body size associated with haplotypes. Vargas-Madríz et al. (2013) showed that morphometrics of both adult and nymphal potato psyllid were affected by cultivar of its tomato rearing host.
In sum, results of this study indicated that there were significant differences in developmental traits among the Central, Northwestern, and Western haplotypes of potato psyllid. The preoviposition period, egg incubation, nymphal, and total developmental times of potato psyllid were affected by whether the insects were reared on potato or bittersweet nightshade. The psyllid required a slightly longer egg and nymphal developmental period on bittersweet nightshade compared with potato, and (for the Central haplotype) exhibited a substantially delayed onset of egg laying by newly eclosed pairs when reared on nightshade than on potato. Collectively, the results of this study indicated that there were significant differences in developmental traits among three psyllid haplotypes. These differences could lead to differences among haplotypes under field conditions in population development, possibly requiring haplotype-specific strategies to optimize managment of potato psyllid and zebra chip in the potato-growing regions of the Pacific Northwest.
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